Controlled-length quick releases were applied to cat papillary muscle at various times during an isometric contraction to study the series elasticity of cardiac muscle relative to time. Force and length were measured continuously during the course of constant-velocity releases. Series elastic compliance was evaluated from semilogarithmic plots with force referred to plateau levels. The force-extension curve of the series elastic element (SE) was exponential; the compliance of the SE varied with force independently of time. Series elastic compliance relative to time was not altered by changes in initial muscle length. However, when series elastic compliance was measured by extrapolating tension to the end of the release, it appeared to be greater earlier in the twitch. This finding was misleading; it resulted from inadequate release velocities in relation to varying rates of tension redevelopment at different times in the twitch. Force-extension curves of the SE were nearly identical at different initial muscle lengths. Yet, conventional comparisons of series elastic compliance in terms of shortening of the SE between peak tension and preload showed wide variation with initial length, because different portions of the force-extension curve were measured. This problem was avoided by expressing series elastic compliance in terms of the exponential length change (x f ) necessary to reduce force by the factor 1/e = 0.368 anywhere on the force-extension curve. The average value of x e in 23 determinations was 1.87 ± 0.26% of initial muscle length; this value is about 25% smaller than that reported previously. Because of the exponential shape of the force-extension curve of the SE, the possibility of substantial series elasticity in myofilament cross-bridges cannot be excluded. However, until convincing evidence is presented to the contrary, it is suggested that the series elasticity of cardiac muscle be regarded as a passive element as it is in the traditional Hill model.
• After carrying out quick-release experiments, Gasser and Hill (1) suggested that active muscle can be represented in terms of elastic and contractile properties and that both kinds of properties are necessary to understand the way in which force and motion interact during a mechanical contraction. Thus, in the traditional Hill model (2, 3), a homogeneous muscle sample is considered to be made up of three functionally discrete elements: an active contractile element (CE) which generates force upon stimulation, a passive series elastic element (SE) which delivers tension to the exterior, and a passive parallel elastic element (PE) which supports resting tension. These elements are connected in either the Maxwell (PE in parallel with Received May 29, 1973 . Accepted for publication February 20, 1974. CE and SE) or the Voigt (PE in parallel with CE only) configuration (4) . The PE and SE have been characterized by single time-invariant force-extension curves (5, 6) . The CE has been characterized by its actively changing force-velocity relation (7) , and it is considered to be freely extensible at rest. This model has been used to explain the relatively slow development of isometric tension compared with the much faster rise of the "active state" of muscle (3) by the fact that the CE must first stretch the SE, which temporarily reduces CE force in accordance with the internal stretch velocity and the CE force-velocity relation.
However, the traditional Hill model has been challenged by the experiments of Civan and Podolsky (8) and Huxley and Simmons (9, 10) on frog semitendinosus muscle. Their experiments suggest that substantial series elasticity is located in cross-bridges of the muscle myofilaments. Series elasticity of this origin would behave quite differently from the separate passive SE of the Hill model, since incremental stiffness at a given force level would vary with time as well as with force because of the changing number of cross-bridges attached. When the CE is at rest, the rapid length change of the SE necessary to reduce muscle force to zero would be independent of the initial force level; it would simply represent the length change necessary to discharge maximum active force in each cross-bridge. The gradual rise of isometric tension would have to be explained primarily in terms of the kinetics of cross-bridge attachment rather than in terms of CE interaction with a passive SE as in the Hill model.
The model which best characterizes cardiac muscle is not necessarily the same one which best characterizes skeletal muscle. The compliance of cardiac muscle is three times that of skeletal muscle (11) (12) (13) (14) (15) (16) , and cross-bridge elasticity in cardiac muscle might be obscured in additional compliance from other sources. Previous measurements of cardiac muscle series elasticity have not shown any time variation independent of muscle force (11, 13) , but recent reports have disputed this result (17, 18) . However, the rapid force and length changes of cardiac muscle have not been measured as they occur during the course of the release. Instead, individual points on the series elastic force-extension curve have been calculated by extrapolating backward in time from the slower tension redevelopment or shortening after each release, and the release procedure has generally produced release velocities varying by at least an order of magnitude among the points on a single series elasticity curve.
Because of the importance of accurate measurements of series elasticity in distinguishing between different muscle models and numerically evaluating contractile properties, the present study was designed to measure cardiac muscle elastic properties during the quick-release interval itself at various times in an isometric contraction. The effects of quick-release parameters such as amplitude, duration, and velocity were studied, and the measurements were compared with those obtained by extrapolation methods.
Methods
Papillary muscles selected for their small cross-sectional area (<1.5 mm 2 ) and large length-diameter ratio (>5:1) were rapidly removed from the right ventricles of cats (1.5-2.0 kg) anesthetized with sodium pentobarbital (25 mg/kg, ip). Each muscle was immediately placed in a 100-ml bath containing Krebs-Ringer's solution (25 ± 0.25°C) rapidly bubbled with 95% O 2 -5% CO 2 and mounted vertically between stainless steel clips. The upper clip assembly was attached by a short length of stainless steel tubing to the servomotor drive above the Circulation Research. Vol. XXXIV. June 1974 bath; the lower clip assembly was attached to the force transducer immersed in the bottom of the bath. The muscle was stimulated at 12/min by platinum wire field electrodes that received 5-msec pulses at a voltage about 20?r above threshold (10-25 v) . Muscle resting tension was set at about 200 mg/mm 2 , and the muscle was allowed to contract isometrically during a 1-hour equilibration period.
A Brush 864750 pen motor with a 2-cm aluminum arm connected in a high-gain feedback circuit was used to apply rapid changes in muscle length. The signal for changes in muscle length and for position feedback was taken from a differential transformer (Brush Metrisite) inside the motor which produced an output of 300 mv/mm with a step response time of about 1 msec. A tachometer coil inside the motor provided velocity feedback. The servosystem response to a command signal gave linear proportional control of muscle length over a 3-mm range with a smooth step response that was 90% complete within 1.3 msec.
The force signal was obtained from a transducer (DSC Corporation model DSC-3, modified) employing semiconductor strain gauges ceramically bonded to a stainless steel cantilever beam and connected in a d-c Wheatstone bridge circuit. The transducer had a compliance of 0.5 |//g and a resonant frequency (including clip assembly) of 3,000 Hz. The force transducer was mounted on the lower end of a sturdy frame extending downward into the bath from the movable platform of a Palmer stand. Movement of the platform changed the distance between the muscle clips and provided initial adjustment of the resting tension of the muscle. Total equipment compliance was less than 2 fi/g.
Length command signals were synthesized in a Heath/Schlumberger EU 800 special-purpose hybrid computer unit. Wave forms were positioned in the twitch over the range of 0 to 10 seconds after each stimulus in 1-msec increments and with a timing accuracy of 10 ^seconds and an amplitude accuracy of 1 part in 10 3 . Force, length, and command signals were displayed on two Tektronix 5103N storage oscilloscopes: one oscilloscope displayed the time wave forms and the other showed an instantaneous force-length (phase-plane) plot.
After equilibration of each muscle, passive and active length-tension curves were obtained and the initial length was adjusted to obtain a ratio of active to passive tension of about 10:1. Controlled-length quick-release experiments were performed with at least three intervening isometric beats. In a typical quick-release experiment, muscle tension was allowed to rise isometrically to the peak of the twitch at about 500 msec after the stimulus. Muscle length was then rapidly decreased at a constant velocity of about 75 mm/sec for 10 msec and then was held constant at the shorter value until the relaxation period at 3,000 msec. Next, initial length was restored exponentially with a time constant of about 5 msec. The amplitude of the quick release (velocity times duration) was chosen to bring the force-extension curve of the SE well out onto the tension plateau; thus, the reference level for tension measurements was established (see Discussion). The effects of amplitude, duration, and time of release and of initial muscle length were studied. When comparing the real-time and back extrapolation techniques, a series of releases with fixed durations but increasing amplitudes was made on successive beats (three isometric beats interposed).
Results

SELECTION OF QUICK-RELEASE PARAMETERS
The effects of various dynamic parameters of a quick release on the measured force-extension curve of the SE are shown in Figure 1 . Figure 1A shows a typical isometric contraction and four superimposed 10-msec controlled-length quick releases of different amplitudes performed at the peak of the twitch. The time courses of length and tension during the releases are shown on a faster time scale in Figure IB ; these same length and tension signals are plotted against each other in the phase-plane plot of Figure 1C . The releases were almost ideal constant-velocity releases, which reduced initial muscle length (L = 5.77 mm) by 72, 222, 372, and 528^ at constant rates over a 10-msec time interval. Thus, the shortening velocities ranged from 7.2 to 52.8 mm/sec (1.25 to 9.15 muscle lengths/second [L/sec]). Although the four releases showed a common envelope (Fig. 1C) , the trajectories for the smaller releases deviated noticeably from this envelope near their terminal ends. This deviation indicates the presence of dynamic measurement errors. Evidently, the corresponding release velocities (1.25 and 3.85 L/sec) were inadequate in comparison with the rate of tension redevelopment after the release (vertical bar at left end of each release). However, the two releases of larger amplitude lay almost exactly on the common envelope; this observation indicates that their velocities (6.45 and 9.15 L/sec) were sufficient to prevent substantial dynamic errors.
The effect of higher release velocities is shown in Figures 1D-F . Figure ID shows an isometric contraction with three superimposed quick releases of 705// taking place in 5, 10, and 17 msec. The time courses during the release are shown in Figure IE ; the corresponding phase-plane plot is shown in Figure IF . The release velocities with these releases of larger amplitude were 41.5, 70.5, and 141.0 m/sec (6.3, 10.7, and 21.5 L/sec, L = 6.57 mm). The trajectories for the 10-and 17-msec releases were nearly identical, but the curve for the 5-msec release showed an appreciable dynamic error which was most likely due to the limited frequency bandwidth of the force transducer (resonant frequency 3,000 Hz).
Thus, the accurate measurement of the forceextension curve of the SE by quick-release methods was dependent on the correct selection of release velocity; this selection was limited in one direction by muscle tension redevelopment and in the other direction by the dynamic response (bandwidth) of the force transducer. The rate of tension redevelopment after a quick release was considerably different at different times in the twitch but was greatest during the rising phase. Therefore, velocity requirements for the quick releases were highest for releases early in the twitch. Bandwidth requirements for the force transducer were dependent on both release amplitude and duration, since the force signal had a higher frequency content in a larger amplitude release of a given duration. Thus, release velocity was again the important parameter, and releases of larger amplitude required longer durations to prevent dynamic errors from the transducer.
A single large-amplitude phase-plane curve at a properly chosen constant velocity contained the entire force-extension curve of the SE; thus, it was a very convenient method for accurately measuring rapid elastic properties. Figure 2A shows a series of isometric contractions at different initial lengths, and Figure 2B shows the corresponding resting tension and active tension curves. Muscle length was first set at 3.7 mm, and the tension rise in an equilibrium isometric beat was recorded (upper curve in Fig vertical bar on right in Fig. 2B ). Between successive isometric beats, the resting muscle length was decreased in nine steps of 75^ each until a resting length of 3.025 mm was reached, whereupon the length was immediately returned to 3.7 mm without recording the reverse curve. At the present moderate levels of resting tension, the resting tension curve was almost exactly reversible with little hysteresis or stress relaxation and isometric tension returned to normal within a few beats. Thus, the thick lower curve in Figure 2B shows the resting length-tension relation, and the tops of the vertical bars show the active length-tension curve. Also superimposed in Figure 2A is a 10-msec largeamplitude quick release (barely visible) from the peak of the largest contraction, and a phase-plane plot of the same quick release is shown super imposed in Figure 2B . In the phase-plane curve, muscle tension fell progressively with increased shortening until a plateau of tension was reached at lengths below about 3.475 mm. The force level of the tension plateau almost exactly coincided with the resting tension curve at the same muscle length.
SHAPE OF THE SERIES ELASTICITY CURVE AND ITS RELATION TO RESTING TENSION
Another comparison of resting tension with force-extension curves of the SE is shown in Figure  2C and D. Figure 2C shows isometric contractions at four different resting tension levels with two superimposed large-amplitude 10-msec quick releases that started from the peaks of the largest and the smallest isometric beats. The corresponding resting and active tension curves and the two superimposed quick-release phase-plane curves are shown in Figure 2D . Since the heavy resting tension curve only extended from 3.7 to 3.475 mm, the plateau regions of the quick-release curves are easier to see. In the releases from both initial lengths, there was a nearly flat force plateau which coincided almost exactly with the resting tension level of the muscle at the same length (compare plateaus in Fig. 2D with resting tension curve in Fig. 2B ).
Thus, with controlled-length quick releases of large amplitude, the force-extension curve of the SE dropped down to a distinct force plateau which provided a convenient reference level for the higher tension values at smaller release distances. The level of the plateau of the force-extension curve of the SE coincided very closely with the resting tension curve of the muscle at the same muscle length.
TIME BEHAVIOR OF SERIES ELASTICITY
Typical force-extension curves of the SE at three different times in the twitch are shown in Figure 3 . After recording resting and active length-tension curves (Fig. 3A) , muscle length was adjusted to obtain good tension development with a large ratio of active to resting tension (>10:l). Figure 3B shows an isometric contraction with three superimposed quick releases which represent the peak of the twitch and early and late releases from about halfpeak tension. Phase-plane plots of force-extension curves of the SE are shown in Figure 3C and D with two different length scales; Figure 3C emphasizes the location of the force plateau and Figure 3D emphasizes the curvature during the main region of force change. Release velocities were 13.5 and 5.4 L/sec, respectively.
To compare these curves accurately and to determine whether the shape of each might reasonably be fitted by an exponential force-length relation, Figure 3D was photographically enlarged to 8 x 10 inches and sixteen points were measured off each curve with dividers. The plateau force level was then measured from an identical enlargement of the plot with the larger length scale, and was subtracted from the preceding force values to obtain a set of force increments versus length increments for each quick release. A semilogarithmic plot of the results is shown in Figure 4 . The squares, circles, and triangles represent the early, middle, and late quick releases, respectively. The upper straight line was drawn by eye through the points for the release from peak tension (circles).
A straight line of the same slope was drawn through the remaining points which correspond to the early and late releases.
The straight lines in Figure 4 appeared to fit the experimental points almost equally well for each of the three releases; very little systematic error over a force range of two orders of magnitude was noted. Thus, when quick-release force is measured with respect to the force plateau for large-amplitude releases, the force-extension curve can be closely approximated by an exponential curve. The corresponding amount of series elastic compliance can conveniently be expressed by the exponential length constant (x,) which represents the length change necessary to reduce series elastic force by the factor 1/e = 0.368 at any point on the forceextension curve. The force-extension curves at the three different times in the twitch had almost exactly the same exponential length constant and did not intersect at any degree of shortening. Thus, 
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Force-extension curves of the SE at 200, 500, and 860 msei (experiment 1). Data points obtained from photographic en largement of Figure 3D ; force was measured from plateau levels Straight lines were drawn with the same slope.
there was no evidence that the force-extension curve of the SE varied with time.
The results of eight experiments on four different muscles are summarized in terms of the exponential length constants (x,) in Table 1 . In all cases the semilogarithmic plots could be fit closely by straight lines over a force range of two orders of magnitude. In no case did the curves from early or late releases intersect the corresponding curve for release from peak tension. Again there was no evidence that series elasticity varies with time.
In addition to the preceding experiments, forceextension curves of the SE were obtained at 100-msec intervals covering a complete isometric contraction. Force at the beginning of the quick release varied over a 5.6:1 range in contrast to the 2:1 range of the previous experiments. The isometric contraction and five quick releases at 100 through 500 msec are shown in Figures 5A and B ; similar curves for releases at 500 through 1100 msec are shown in Figure 5C and D. All release velocities were 9.94 L/sec. The resulting data were plotted on semilogarithmic coordinates (Fig. 6) . Straight lines were drawn by eye through the data for the releases at 100 through 500 msec, and straight lines with the same slope as that for the 500-msec release were drawn through the data for 600 through 1100 msec.
The straight lines fitted the data well at all release times. The slopes of all of the lines were simi- 
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orce-extension curves of the SE at 100 through 1100 msec (ex penment 5). Straight lines for data at 500 through 1100 mse< were drawn with the same slope. lar, although the earliest release curve was somewhat steeper. This result appeared to be causec by a small amount of creep in the force transducer this creep became significant only with the much larger range of forces (20 to 12,600 mg) used in this experiment. This effect is also barely noticeable ir the data of Table 1 ; a small initial variation in mus cle stiffness cannot be ruled out as the cause. How ever, the differences in slope which did appeal were in the direction of increased stiffness in verj early releases; this observation is the opposite oi what would be expected if the SE were the kind o: active element reported in the Huxley-Simmons model. In no case did early or late release curves intersect the release from peak tension.
EFFECT OF INITIAL MUSCLE LENGTH
Series elasticity curves were compared for the same muscle at three widely different initial lengths. Figure 7A shows the resting and active length-tension curves for the muscle previously shown in Figures 2 and 5 . Quick-release experi ments at three times in the twitch were performed at initial lengths of 5.82 mm (Fig. 7C) ' Fig. 7B ), and 7.17 mm (Fig. 7D) where peak isometric force was 1.6, 7.6, and 13.4 g, respectively.
The phase-plane plots were analyzed by the same method used previously, and a semilogarithmic plot of the results is shown in Figure 8 . The releases at very short initial lengths, where resting tension approaches zero and some buckling can occur, had slightly smaller length constants than those at longer initial lengths. At medium and large initial lengths the force-extension curves were almost identical (Table 1, expts. 2, 6, and 7). In no instance did the curve from an early Dr a late release intersect the corresponding curve for release from peak tension. Thus, initial length did not alter the conclusions regarding the time behavior of the force-extension curve of the SE.
COMPARISON OF DIRECT AND EXTRAPOLATED MEASUREMENTS
Since the present results did not show a large variation in series elastic stiffness with time for any given force as was recently reported for cardiac muscle (17, 18) and since the present real-time phase-plane method was substantially different from the extrapolation method used previously for series elasticity measurements (11, 13-15, 17, 18) , i comparison of the results of the two methods was made. The same quick-release duration used in most of the present studies and in most previous reports was employed for the comparison ( 1). Figure 9A shows an isometric contraction and a series of 10-msec releases of different amplitudes made at the peak of the twitch (500 msec). The same data are shown on an expanded time scale of 50 msec/division in Figure 9B . A similar series of releases from about half-peak tension (200 msec) is shown in Figure 9C and D. The tension redevelopment rates differed widely; they depended on the amplitude and the time of release in the twitch.
Force-extension curves of the SE at the two times in the twitch were obtained from 8 x 10-inch photographic enlargements of Figure 9B and D by extrapolating the tension redevelopment backward in time in two different ways. Tension redevelopment was extrapolated backward (1) to the end of the release (sharp corner at start of redevelopment) and (2) to the beginning of the release (vertical line at beginning of release). The force reference plateau was estimated from large-amplitude releases (not shown) and required a small additional correction (70 mg) to obtain a better exponential fit. 
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Force-extension curves of the SE at three initial muscle lengths {experiments 2, 6, and 7)
. The force levels from the first extrapolation procedure were consistently higher than those from the second procedure, and the spread between the two methods was consistently greater for the release at 200 msec. For example, in the vicinity of 0.5 g, the difference between the two procedures was 30% (0.52 vs. 0.40 g) for the release at 500 msec and 168% (0.59 vs. 0.22 g) for the release at 200 msec.
Families of quick releases for evaluation by extrapolation method (experiment 8).
The extrapolation and real-time methods are directly compared in the inset in Figure 10 . The inset shows a phase-plane plot of the quick releases in Figure 9B and D; the upper family of curves is the series of releases from the peak of the twitch at 500 msec and the lower family is the series at 200 msec. Release velocities ranged from 0.73 L/sec to 8.68 L/sec. Although a common envelope was evident in each family, individual releases did not always lay on this locus. The deviation was greatest for the releases of smaller amplitude in the family at 200 msec; these releases had the greatest rate of tension redevelopment after the release (Fig. 9B and D) . Evidently, the releases of smaller amplitude (lower velocity) was affected by tension redevelopment occurring during the release.
The data from the phase-plane envelopes is also plotted in Figure 10 (solid circles and squares).
Solid straight lines were drawn by eye through thi envelope data and broken lines were drawn througl the data from the first extrapolation procedun (open circles and squares). Straight lines were no drawn through the points for the second extrapola tion procedure; these points are closer to the soli< lines, but they have more scatter. The solic straight lines have almost the same slope (x r = 10i and 105M at 200 and 500 msec) and do not intersec at any degree of series elastic extension. However the interrupted lines have considerably differen slopes (x, = 141 and 124M) and intersect at a re lease of about 720M-Thus, the phase-plane envelope data were simi lar to the results obtained previously, but the dafc obtained by extrapolating force redevelopmen backward to the end of the twitch indicated that a either time in the twitch (500 or 200 msec) a given length release (720^) will discharge series elastic force to a common level. In the present experiment, these divergent results are explained by the effect on the extrapolation method of differing rates of tension redevelopment when quick-release velocities are low.
Discussion
In the Hill model for muscle (2, 3) (Model I of Fig. 11 ), the SE is considered to be a passive element located outside the force-generating mechanism in the cross-bridges of the myofilaments (Fig.  11A) . Therefore, the SE is characterized by a single force-extension curve which is nonlinear and independent of time. Thus, the stiffness of the SE (incremental slope of the force-extension curve) is a unique function of the force level but it is not otherwise dependent on the time instant in the contraction (6, 11, 13) . Quick releases at different times in the twitch begin at different force levels and series elastic extensions and traverse different portions of the same series elasticity curve (Fig. 11B) . If the quick release curves are compared at a given force level, the slopes should be identical ( 
Comparison of Hill model (Model I) and Huxley-Simmons model {Model II). A and D: Two-element models showing different location of the series elastic element (SE). B and E: Theoretical shapes of quick-release curves at different times in an isometric contraction. C and F: Superposition of quick-release curves by horizontal translation (Model I) and vertical normalization (Model II). CE =-contractile element. Circulation Research. Vol. XXXIV. June 1974
initial force points on the release from peak tension (horizontal translation), the curves should coincide over their entire common lengths (Fig. llC) . However, in the Huxley-Simmons model (Model II of Fig. 11) , the elasticity which transmits force from the active mechanism to the exterior represents elasticity in the individual cross-bridges themselves (9, 10). As additional cross-bridges become attached during the course of a twitch (or at different degrees of myofilament overlap [9] ), additional stiffness is created by the addition of multiple elasticities in parallel (Fig. 11D) . Thus, stiffness rises with force during the contraction, but, since cross-bridge force can be discharged by the same length change at any time,' stiffness also varies with time independently of force. Quick releases at different times in the twitch thus start at different force levels, but force falls to zero with the same amount of release (Fig. HE) . If quickrelease curves are compared at a given force level, the slope of each curve should be proportional to the initial force point on that curve (rather than to the common force level), and the curves should coincide if the force scale of each curve (vertical normalization) is divided by its initial force point (Fig. 11F) .
To distinguish between models I and II by the method outlined in Figure 11 requires careful measurement of force-extension curves of the SE. Past methods of directly measuring series elasticity curves in cardiac muscle have used both multiple quick releases on successive beats and extrapolation of force and length measurements made after the releases backward to the time of the release (11, 13-15, 17, 18) . Such procedures are subject to many sources of inaccuracy due to different extrapolation procedures, different wave forms of quick releases and tension redevelopment or shortening, different quick-release speeds, and transducer errors. Extrapolation measurements can also be affected by varying degrees of muscle inactivation after quick releases (19, 20) . In the present realtime method, muscle force and length were measured simultaneously as they occurred during the course of single controlled-length releases of constant velocity. As noted in Results, the quick-release velocity had to be restricted to the 3:1 range from about 5 to 15 L/sec to prevent errors due to ' This statement assumes that attached cross-bridges are nearly at rest and are producing maximum force during an isometric contraction. Otherwise, the length change required to discharge series elastic force would be smaller when the CE is shortening with an appreciable velocity. tension redevelopment (CE shortening) or to limited frequency response of the force transducer. The lower figure is about three times the maximum velocity of shortening of the cardiac muscle (1.75 L/sec), and the upper figure results from the transducer resonant frequency of 3,000 Hz.
Quick-release velocities used in previous studies can be estimated by dividing the release amplitudes by the average release durations stated in the reports. Typical figures for studies using the isotonic quick-release method (controlled-force releases) are 5-10 msec and 0.5-5.0 L/sec (13) and 10 msec and 1.0-5.0 L/sec (14) . Recent studies using controlled-length releases are somewhat faster: 3 msec and 3.4-24.5 L/sec (17) and 6 msec and 1.2-13.7 L/sec (18) . In each case the velocities fall partly outside the 3:1 range which we have found necessary to ensure accurate measurements.
Another problem in distinguishing between model I and model II in cardiac muscle relates to measurement of the length change necessary to reduce series elastic force to "zero" at different times in the twitch. In the present study as force decreased, series elastic stiffness declined in a continuous manner until an essentially horizontal force plateau was reached. This plateau nearly coincided with the resting length-tension curve in the region where force differed from zero by only a few tens of milligrams, positive or negative. The controlled-length method of quick release was much more effective in exhibiting this plateau, because the length change necessary to travel well out onto this plateau was always assured regardless of the necessary positive or negative force level. However, measuring the length change to a particular force level near zero was extremely difficult because SE length varied very rapidly relative to force in this region. As a result, the selection of model I or model II on the basis of SE extension values at zero force was subject to major errors of length measurement due to extremely small errors of force. For this reason, the present study purposely avoided the problem of determining exactly where zero force lies on the SE force-extension curve. Instead, we made all force measurements with reference to the prominent force plateau of the series elasticity curve and concerned ourselves primarily with comparing the shapes of SE curves over large extension ranges.
The results of this study also showed that, when the plateau force level was carefully subtracted out, series elasticity curves closely followed a straight line on semilogarithmic coordinates over a force range of two orders of magnitude. 2 Thus, the force-extension curves of the SE are approximately exponential down to very low force levels (force plateau), with no evidence of the SE suddenly going slack as might theoretically be expected (19) . The series elasticity curves are approximately described by the equations log 10 P = -Kx + log 10 C, P = Cexp(-x/x e ),
--KP dx
where P and x represent series elastic force and shortening, respectively, K is the slope of the straight line on semilogarithmic coordinates and also the slope of the relation between series elastic incremental stiffness and tension, C is the force intercept on the semilogarithmic plot and represents the force value at the start of the release, and x e = \/K is the exponential length constant whose value represents the length change of the SE necessary to reduce series elastic force by the factor 1/e = 0.368 starting at any point on the curve.
The approximation of force-extension curves of the SE by exponential equations allowed series elastic compliance to be concisely described by the exponential length constant (or exponential compliance) x e . Previous studies have usually reported muscle compliance in terms of the length change of the SE between peak isometric tension and the preload, expressed as a fraction of initial muscle length. However, because of the curvilinear shape (plateau) of the series elasticity curve at low forces, compliance values stated in this way depended strongly on the value chosen for the preload; such compliance measurements were subject to large errors of length measurement due to small errors of force measurement near zero force. For example, in experiments 2 and 7 on the same muscle (see Results), series elastic compliance values were 9.1 and 3.7% L, respectively, for releases between peak tension and preload (7.6-0.3 and 13.4-2.0 g); these values suggest that series elastic compliance varies significantly with the preload. The corresponding exponential length constants x e have the values 136 and 135^ (2.08 and 1.88% L when normalized for initial muscle length). Thus, the 2 Small errors in measuring the plateau level will cause the experimental points to systematically drift away above the straight line to a horizontal asymptote at the amount of the force error, in the case of an underestimate, and below the straight line to a vertical asymptote at the length where the true curve crosses the false plateau, in the case of an overestimate.
force-extension curves of the SE are, in fact, virtually identical at the two values of preload (initial length).
The exponential length constant x e is the reciprocal of the constant K reported in other studies (12) (13) (14) (15) (16) (Eqs. 1-3 ) and represents the length change of the SE for an e-fold force change (where e = 2.718) anywhere on the series elasticity curve. Compliance values between any desired force levels can easily be calculated by multiplying x e by the natural logarithm of the desired force ratio.
Studies of the time behavior of series elasticity by the real-time method (Table 1) showed no tendency for series elastic compliance (x e or [dP/dx] 1 at a fixed force level) to increase early in an isometric contraction, and in no case did the curve from an early or a late release intersect the corresponding release from peak tension. Thus, we did not find common length changes which discharged series elastic force to the same level at different times in the twitch (as in Fig. HE ) and we did not find any apparent basis for selecting model II over model I in cardiac muscle. Exponential compliances for any one muscle and initial length varied by an average of 3.8% (maximum of 8.9%) when releases from peak tension and about half-peak tension were compared.
The average value of series elastic compliance in 23 determinations was x e = 1.87 ± 0.26% L. This figure is about 25% smaller than that reported previously (14-16); this discrepancy can be explained by the reduction in the equipment compliances and the use of the real-time measurement procedure. Previously reported values of series elastic compliance in cardiac muscle are listed in Table 1 for comparison (11) (12) (13) (14) (15) (16) (17) (18) . In cases where values of x e (or K = l/x e ) were not published (11, (17) (18) , x e was computed (1) from the length change of the SE necessary to reduce series elastic force to 1/e = 0.368 of its highest value or (2) by plotting published force-extension curves on semilogarithmic coordinates (values in parentheses), corrected for force base-line levels.
The most noticeable feature of this comparison is the substantially larger values from the two recent studies which also differed on the question of series elastic behavior relative to time (17, 18) . The large changes in the values in parentheses in these studies indicate that force base-line levels differed substantially from the zero force levels reported and that force plateaus occurred at negative force levels. Since the early releases had smaller length constants than the releases from peak tension, the reported tendency for quick-reCirculation Research. Vol. XXXIV. June 1974 lease curves to intersect could be explained by these shifts in the force base-line level. Table 1 also compares measurements of series elasticity in skeletal muscle by A. V. Hill (toad sartorious, tetanus) (5) and by Jewell and Wilkie (frog sartorius, twitch) (4). Base-line corrections for these studies were small, but the series elasticity curve of A. V. Hill did not give as good an exponential fit as usual (values in parentheses). When these values of x e are compared with our average figure, the results appear to indicate that the exponential compliance of cardiac muscle is about twice that of skeletal muscle; this ratio is smaller than that generally accepted (11, 14) . However, the difference in temperature should be noted.
Time behavior of the SE was also measured by extrapolation of tension redevelopment after multiple quick releases at two times in the twitch. When tension curves were extrapolated to the end of the release, large series elastic compliance values were obtained and the force-extension curves of the SE showed substantial time dependence similar to the behavior expected of model II and depicted in Figure HE . Release velocities in this procedure greatly exceeded the acceptable 3:1 range and phase-plane records showed that series elastic compliance was overestimated by an amount which was greater during the rising phase of the twitch because of the greater rate of tension redevelopment at this time.
The primary question of the present study is whether cardiac muscle is best characterized by a passive model like model I, by an active model like model II, or possibly by a combination of both. Stated another way, can measurements of highspeed force-extension curves at different times in an isometric contraction yield significant information about cross-bridge elasticity in cardiac muscle? If the shapes of the quick-release curves are approximately exponential with similar length constants and with plateau force levels nearly indistinguishable from zero force, then it is probably impossible to distinguish the two models or a combination thereof on the basis of quick-release measurements during isometric contractions. This inability to distinguish between the two models results because exponential curves of this kind can always be made to coincide by both horizontal translation and vertical normalization. Thus, they simultaneously meet the tests for both model I and model II (Fig. 11C and F) . The shape of the forceextension curves is important in distinguishing between cross-bridge and external elasticity, as noted previously by Huxley and Simmons (9) .
The ability of our series elasticity curves to meet the tests for both model I and model II can be seen from the semilogarithmic plots, where the two tests correspond to shifting the data points both horizontally and vertically (on a logarithmic scale). Since the semilogarithmic data fell on straight lines with the same slope, the series elasticity curves can be made to coincide by both methods. Figure 12 shows a more direct test, without preliminary data processing, in which the quick release curves of experiment 2 (Fig. 7B) were compared directly on the storage oscilloscope. Figure  12A shows the early release curve shifted to the left until its upper point lies on the release from peak tension, and Figure 12B shows the same curve amplified vertically until its initial point lies on the release from peak tension. Figure 12C and D shows the corresponding results from the release during relaxation. In all instances the compared curves coincided very closely; thus, they met the tests for both models I and II.
In summary, the present measurements of forceextension curves of the SE at various times in the twitch provide no compelling reason for discarding the traditional Hill model for cardiac muscle. However, the possibility that appreciable active elasticity resides in changing numbers of attached myofilament cross-bridges cannot be excluded. Conventional quick-release measurements at vari- ous times in an isometric contraction are probabl> not capable of distinguishing the two mechanisms in cardiac muscle. In view of the threefold greatei compliance of cardiac muscle over skeletal musck (13) (14) (15) (16) and the small proportion of reported cross bridge elasticity even in skeletal muscle (10) , th( safest course in cardiac muscle, until convincing evidence is presented to the contrary, is probablj to continue using the passive model. This positior is consistent with the traditional view that the rise of twitch tension is retarded by CE shorteninj caused by stretch of passive SE and implies tha CE properties must be evaluated in relation to in ternal length changes as determined from somi form of the Hill model.
